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The ultrasonic detection of altered microstructures in metals is a 
difficult, but necessary task. The detection of hard alpha inclusions in 
titanium jet engine disks is an important, safety related, example of the 
need. One proposed tool for detecting such altered microstructures 
involves analyzing changes in the ultrasonic grain noise; i.e., in the 
incoherent part of the scattered signal. 
In this progress report, we develop a quantitative, computable and 
accurate formalism that determines the backscattered acoustic signal from 
the microstructure of a polycrystalline aggregate. We first define our 
model for the aggregate, and describe the geometry of the scattering 
experiment. Next, we use Auld's form(l) of the reciprocity relation 
(reexpressed in terms of volume integrals and in the time domain) to 
express the acoustic signal in terms of the material properties of the 
aggregate. Computable expressions are obtained from the general result 
by making a variety of realistic assumptions. These computable 
expressions are then shown to yield a simple inversion formula for the 
fluctuations in the acoustic impedance of the aggregate, given the 
measured acoustic signal. 
A typical polycrystalline metal consists of an assembly of small 
single crystals. The crystallite size can vary a great deal between 
different materials. However, in structural materials grain sizes in the 
range of 10 to 500 microns are common. In two phase materials (such as 
some structural titanium alloys) the crystallites can be of two different 
crystal classes (e.g. BCC and HCP). The detailed structure is called the 
microstructure of the metal. Due to the small size and great number of 
constituent crystallites most microstructural characterization methods 
are statistical. Typical measures of the microstructure are the average 
grain (crystallite) size and in the case of two-phase materials the 
average volume-ratio of the phases. 
ACOUSTIC BACKSCATTER SIGNAL (EARLY TIME APPROXIMATION) 
The backscatter (pulse-echo) signal from a polycrystalline aggregate 
will be formulated using the electro-mechanical reciprocity relations 
given by Auld(l). We start by showing the geometry of the hypothetical 
experiment in Fig. (I), and the expected form of the signal in Fig. (2). 
The change in voltage, fir, at the ultrasonic transducer due to the 
backscatter is proportional to 
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Fig. 1. Shows geometry of a pulse-echo measurement of grain noise. 
t 
Fig. 2. Shows schematic of ultrasonic signal produced by a pulsed 
excitation of the transducer. 
1716 
Br (1) 
Here uudenotes the angular frequency, while P(uu) denotes the power 
flowing down the coaxial feed to the transducer. As will discussed more 
exactly below, u 1 and u 2 denote the displacement field in the absence and 
in the presence of the grain-to-grain inhomogeneities. The deviations in 
density and elastic constant are defined by 
(2) 
and 
(3) 
Finally, p and C jjkl denote the spatially variable density and elastic 
constants of the aggregate, while p and Cllkl denote the density and the 
elastic constants averaged over the sample. The displacement field u 1 is 
computed for a homogeneous solid with these average properties. The 
field u 2 is computed for the solid with the spatially variable material 
properties of the aggregate. 
The expression for the voltage change [Eq. (1») is determined by the 
transducer response function as well as the properties of the aggregate. 
The effects of the transducer response function can to a certain degree 
be removed by dividing by the results of a reference experiment (for 
example, the reflection from the front surface of the part). After 
deconvolution by the reference echo, one obtains a signal, S(uu), that is 
given (over a certain bandwidth determined by the signal-to-noise ratio) 
by 
SeW) 1 f I 2 -. - d V {B C 'kl U· . U k I - B p lW YF Ij I.) • (4) 
Equation (4) is basically intractable since it requires one to know the 
exact displacement field u 2 in the presence of the scatterers. 
The early time part of the signal can, however, be calculated by 
converting Eq. (4) to the time domain and using the Born (linear 
response) approximation. The logic is as follows. Each grain presents a 
rather weak acoustic contrast. Hence, for some time after the beam 
enters the solid, the total wave field is nearly the same as the incident 
field. Consequently, for early times, we can approximate as follows 
Equation (4) becomes, after use of (5), 
~ ( dV {BC jjk1 
lW)YF 
uf.] u~.I-BpW2 
(5) 
(6) 
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Here, the subscript B, denotes the Born approximation. Finally, we 
define the time domain transform of the signal by 
I f~ 
- dw 
2n -~ (7) 
Equation (7) will be asymptotically valid for the early time part of the 
acoustic signal due to grain scattering. 
MODEL EVALUATION OF BACKSCATTER 
The evaluation of the backscatter signal requires a knowledge of the 
displacement field, u l , that would propagate in a uniform solid that is 
characterized by the average density and elastic constants. We introduce 
the following ansatz for the displacement field launched by a planar 
transducer 
I -
u i (w,r,z) 
or equivalently, in the time domain, 
I -lli(t,r,z) 
-Here, we use the convention, r - T, z), to define the spatial 
(8a) 
(8b) 
~oordinate; that is, r denotes the coordinate parallel to the transducer 
face, while z denotes the coordinate normal to the transducer face. The 
function f(r) denotes the transduction efficiency across the face of the 
transducer (the transducer profile function). For a piston transducer of 
radius a, f would be constant for r < a and zero r> a. We note that Eq. 
(8) neglects diffraction; however, (8b) is valid for sufficiently early 
times, before diffraction becomes significant. 
The signal strength can be approximately evaluated by substituting 
Eq. (8) in Eq. (6). The result is 
. f~d {(j~zzzz "-} 2ikz 1 W Z --2- + v p e . 
o VI 
(9) 
Here, VI denotes the average velocity of propagation of longitudinal 
sound. Also, as the equations immediately below show, the signal depends 
on certain averages of the density and elastic constants over the 
transducer profile function, f(r); 
flp(z) ( lOa) 
and 
(lOb) 
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Thus, the signal (given by Eq. (9) is proportional to the Fourier 
transform of the fluctuations in the averaged (over the transducer 
profile) density and elastic constants. Next, we define the effective 
longitudinal acoustic impedance, Z, averaged over the transducer profile, 
to be 
P V I { fic zzzz + fip }. 
2 A. + 2~ P 
(11 ) 
This equation extends the definition of the acoustic impedance from 
isotropic materials (where it reduces to the conventional expression) to 
aggregates of anisotropic crystallites. Thus, the signal, Eq. (9), has 
the simple form 
(12) 
The time-domain form of the signal can now be determined from the 
Fourier transform defined by Eq. (7). Upon substituting (12) in (7), we 
obtain the following simple expression for the signal 
d 
dt 
(13) 
That is, the signal is proportional to the first derivative of the 
acoustic impedance averaged over the transducer profile. Equation (13) 
provides a convenient time-domain way of thinking that accounts for the 
rapid fluctuations that are observed in the acoustic backscatter from a 
po1ycrysta11ine sample that has been insonified by an incident pulse. 
The recovery of the material properties from the measured acoustic 
signal is one of our goals. Upon integration of both sides of (13), we 
find 
fiZ(z) l 2Z/V 1 dt 
o 
Set) . (14) 
This inversion formula is one of our major results. It relates the 
fluctuations in the acoustic impedance to the measured acoustic signal. 
The ultrasonic signal due to an incident delta function pulse is 
described by Eq. (13). However, in practical circumstances, the incident 
pulse will only contain finite frequency components. Hence, it is of 
interest to consider the changes needed if the incident field is 
described by 
I -
ui(t,[,Z) fCr) p(t-z) fiiZ' (15) 
rather than Eq. (8b). Here, the function p describes the incident pulse 
shape. The equation for the acoustic signal, modified to account for 
(15), is 
i~ dz fiZ(z)Q(t,z), (16) 
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where, 
Q(t,Z) ~f" dt' p(t-t'-Z/V l ) p(t'-Z/V l )· dt - .. (17) 
Thus, the recovery of the acoustic impedance profile requires the 
solution of a first kind integral equation, whose kernel is determined by 
the convolution of the pulse shape. 
DISCUSSION 
Ultrasonic backscatter signals from heterogeneous samples are of 
wide interest. First, they provide the background signal (noise) against 
which various flaw signals must be distinguished. Second, the 
backscattered signal has been used to infer the average (grain) size of 
the microcrystals in metals. Finally, the backscatter signal has been 
used, in the biomedical field, to characterize the health of tissue by 
noting changes in the acoustic impedance. 
The independent scatterer approximation has been widely used to 
estimate the backscatter signal. In this model, the differential 
cross-section is computed for an " average " scatterer in an effective 
medium. The total scattering is then estimated by independently summing 
the scattered power from each of the scatterers. Results depend on a 
good choice of the independent scatterer, and on the validity of summing 
the power independently. However, in many circumstances, the independent 
scattering model has yielded good results, and has often been used as a 
heuristic method for correlating experimental data. 
In this paper we have developed a rigorous connection between the 
backscatter and the microstructure based on the early time asymptotics of 
the received signal. This theory opens up two future possibilities. 
First, it will allow one to determine the limits of validity of the 
independent scatterer approximation. Second, it will provide a method 
for directly modeling and characterizing the properties of 
polycrystalline aggregates. 
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